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New studies combining genetic and grafting
approaches in Arabidopsis provide evidence that a
carotenoid derivative is a novel plant signaling
molecule through which roots can influence shoot
branching and leaf development.
Small signaling molecules such as auxins, cytokinins,
ethylene, brassinosteroids, abscisic acid and
peptides have well characterized roles in the
multicellular coordination of plant physiology, devel-
opment, defense and other processes. There is
growing evidence for crosstalk among known signal-
ing pathways in the regulation of many target
processes, which integrates information from the dis-
tinct environmental and internal sources that influ-
ence each pathway. What other small signals
coordinate the plant body? Two papers published
recently in Current Biology report studies on more
axillary branching (max) [1] and bypass (bps) [2]
mutants of Arabidopsis which, in combination with
work on ramosus (rms) mutant peas and decreased
apical dominance (dad) mutant petunias [3,4], high-
light a novel class of graft-transmissible molecules
through which roots are able to influence shoot
branching and leaf development.
Auxin and abscisic acid inhibit lateral bud growth
and therefore branching in plants; cytokinin promotes
such bud growth. As auxin appears not to enter buds,
nor to act directly on them if applied, the existence of
a downstream messenger to deliver its signal to buds
has been postulated, although not yet identified [5,6].
The rms, max and dad mutants were isolated on the
basis of their bushy, highly branched phenotypes, and
in a subset of these, the wild-type shoot branching
pattern can be restored by grafting the mutant shoots
to wild-type root stocks (Figure 1) [3,4,7–9]. As a
variety of experiments has ruled out defects in auxin
signaling itself, this suggests that there is a distinct,
graft-transmissible signal that can inhibit bud
outgrowth, which is regulated, or produced, by the
products of a subset of the RMS, MAX and DAD
genes. The possibility that this is the postulated auxin
second messenger is intriguing, but that relationship
remains to be demonstrated.
Cloning of the genes revealed that MAX4 and
RMS1 encode Arabidopsis and pea orthologs of
carotenoid-cleaving dioxygenases [8]. Booker et al.
[1] report that MAX3 encodes a member of the same
enzyme class, underscored by tests of its activity on
a variety of carotenoid substrates, the results of
which make it all the more likely that the MAX-
dependent inhibitor of bud outgrowth is a
carotenoid-derived molecule. Thus far, supplemen-
tation experiments have not pinned down the precise
identity of the active compound, though earlier
experiments showed that it is distinct from abscisic
acid. The requirement for two distinct cleavage
enzymes, the MAX3 and MAX4 gene products, sug-
gests that the identity of the compound and its
biosynthetic pathway will provide some additional
surprises. The signal may not normally travel all the
way from roots, as MAX3 and MAX4 are expressed
ubiquitously and wild-type shoots grafted to mutant
roots can branch normally.
A related carotenoid-derived signal may regulate
leaf and root development. Van Norman et al. [2] iden-
tified the bps mutant in a screen for leaf vein pattern
defects. The mutant phenotype proved to be
pleiotropic, with a marked cold-dependence: at 16°
the shoot terminates after forming two radially sym-
metric pegs instead of leaves, and primary and lateral
roots are unusually short; at 22° and 29° the pheno-
type is progressively less severe, and the plant initi-
ates a series of defective leaves. The authors adopted
the shoot/root grafting method developed in the
Leyser lab [7] to demonstrate graft transmissibility of
the BPS-dependent signal. They found that a wild-
type root restores wild-type leaf development to the
bps shoot, albeit transiently (Figure 1).
Cloning of BPS did not immediately provide clues
to the identity of the signal. BPS is one of a family of
six genes in Arabidopsis, all of unknown function.
Despite the ubiquitous expression pattern of BPS,
wild-type shoots are defective when combined with
bps roots, suggesting that the roots are the source of
the shoot phenotype. Although the bps phenotype
was not cured by supplementation with any of the
classic plant hormones, including abscisic acid, it
was cured by exposure to fluridone, an inhibitor of the
carotenoid biosynthetic enzyme phytoene desat-
urase. In addition, the combination of bps with the
aba1 carotenoid pathway mutation resulted in an
enhanced phenotype, unlike its combination with the
aba2 mutation, which is abscisic acid-deficient but
not defective in a carotenoid step. Van Norman et al.
[2] hypothesize that the mutant phenotype is the con-
sequence either of the unregulated presence of a
root-derived inhibitor of leaf and root development, or
of the presence of a novel inhibitor, abundant only in
the mutant, and that in either case the effective com-
pound is carotenoid-derived.
Each of these stories promises to provide some
continuing novelty as key questions are addressed.
What are the active compounds in each case? How
are they perceived at the target cells? Perhaps most
intriguing, what condition do they communicate from
roots to shoots and why?
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Figure 1. Graft transmissibility of MAX and
BPS effects. 
Arabidopsis scions and rootstocks with
the indicated genotypes were grafted at
the hypocotyl at the 2–4 day seedling
stage, following the procedure developed
by Turnbull et al. [7]. The branching phe-
notypes of max3 grafts were evaluated at
maturity [7]. Leaf development pheno-
types of bps grafts were evaluated 11
days after grafting [2]. WT, wild type.
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